Objective: This functional magnetic resonance imaging (fMRI) study investigated the effects of pharmacotherapy on brain function underlying affect dysregulation and cognitive function in pediatric bipolar disorder (PBD). Method: Healthy controls (HC) (n ¼ 14; mean age ¼ 14.1 AE 2.4 years) and unmedicated PBD patients with manic or hypomanic episodes (n ¼ 17; mean age ¼ 14.3 AE 1.1 years) were matched on intelligence quotient (IQ) and demographic factors. The fMRI studies were performed at baseline and after 14 weeks, during which PBD patients were treated initially with second-generation antipsychotics (SGAs) followed by lamotrigine monotherapy. The pediatric affective color-matching task was used where subjects matched the color of a positive, negative, or neutral word with one of the two colored circles below in each of the trials. There were five blocks of each emotional word type, with 10 trials per block. Results: Behavioral data showed that the PBD group was modestly slower and less accurate than the HC, regardless of condition or treatment status. The blood oxygen level-dependent (BOLD) signal activity was reduced with treatment in the PBD group relative to the HC group during the negative versus neutral condition in bilateral dorsolateral prefrontal cortex (DLPFC), right posterior cingulate gyrus, parahippocampal gyrus, and inferior parietal lobule, but increased in left ventromedial prefrontal cortex (VMPFC). Similarly, during the positive versus neutral condition, the PBD group, relative to HC, showed reduced activity in right DLPFC, precuneus, and inferior parietal lobule and increased activity in the right VMPFC. However, within the PBD group, there was treatment related decrease in VMPFC and DLPFC. Improvement on Young Mania Rating Scale (YMRS) score significantly correlated with the decreased activity in VMPFC within the patient group. Conclusions: Pharmacotherapy in PBD patients led to differential effort with persistently increased activity in the affective regions and decreased activity in the cognitive regions relative to HC, demonstrating altered mechanisms of affective and cognitive systems of brain function, regardless of symptom response.
Introduction
P ediatric bipolar disorder (PBD) is associated with significant affect dysregulation and cognitive dysfunction (Dickstein et al. 2004; McClure et al. 2005; Pavuluri et al. 2006; Dickstein et al. 2008; Pavuluri et al. 2008 ). These disturbances have typically been investigated in isolation, even though the interaction of cognitive and affective systems is a key to adaptive behavior. Emotions motivate and organize cognition and behavior, whereas cognition can regulate the degree and duration of emotional responses. The rich interaction of emotional and cognitive systems organizes behavior in day-to-day life. Therefore, understanding disturbances in such interactions and how treatment impacts them in PBD is crucial to advancing models of pathophysiology and treatment.
Using different paradigms that involved both emotion evaluation and emotion regulation, findings in PBD, relative to healthy controls (HC) showed either decreased (Pavuluri et al. 2007) or increased (Rich et al. 2006 ) right ventrolateral prefrontal cortex (VLPFC; Brodmann area (BA) 45, 47; inferior frontal gyrus) and ventromedial prefrontal cortex (VMPFC; medial frontal gyrus; BA 10) activity. Furthermore, another study that examined the influence of emotional challenge on cognitive function, patients with PBD demonstrated decreased activity in right VMPFC, VLPFC, and dorsolateral prefrontal cortex (DLPFC; BA 9; middle frontal gyrus) and increased activity in limbic regions when compared to HC (Pavuluri et al. 2008) . In this latter study, examining the cognitive and affective circuitry interface, euthymic PBD patients and HC performed the cognitive task of matching the color of emotional words with one of the two colored circles below. The cognitive element of the task involved executive function consisting of attention and problem solving in matching the colors of the words with color of the circles below. The words served as emotional or neutral stimuli while performing the cognitive task. The PBD subjects, relative to HC, demonstrated a pattern of functional alteration with reduced activity in areas that provide top-down control concurrent with increased activity in subcortical regions that was thought to suggest a reduced capacity for emotion regulation during cognitive processing (Pavuluri et al. 2008 ). Using the same task and in a different sample, acutely ill PBD patients showed increased VLPFC activity when compared to children with attention-deficit/hyperactivity disorder (ADHD) or HC . Therefore, the emotional control region of VLPFC was shown to be either ineffective (Pavuluri et al. 2007; Pavuluri et al. 2008) or overactive and presumed to be deployed in modulating the subcortical regions (Rich et al. 2006; Passarotti et al. 2010 ). However, none of these earlier studies involved prospective longitudinal study design that would illustrate the mechanism of brain function underlying how treatment would alter the activity in the cognitive and affective neural systems.
To date, there are two pioneering functional magnetic resonance imaging (fMRI) treatment studies, one in adult and one in adolescent patients with bipolar disorder (BD) , that suggested that lamotrigine may enhance cognitive (Haldane et al. 2008 ) and affective circuitry (Chang et al. 2008 ) function in BD. Chang et al. (Chang et al. 2008 ) studied the PBD subjects using blocks of negative, positive, and neutral pictures that were selected from the International Affective Picture Systems. Patients were asked to rate how these pictures made them feel. They demonstrated that addition of lamotrigine led to clinical improvement on Children's Depression Rating Scale (CDRS) scores that in turn significantly correlated with decrease in right amygdala activity. In adult bipolar euthymic patients, Haldane et al. (Haldane et al. 2008 ) showed that addition of lamotrigine led to increased prefrontal activity while performing a working memory task. There are no published treatment studies that simultaneously probed both the affective and cognitive circuitry function in patients, relative to HC.
Building on these earlier studies, the current study aimed to examine the effects of pharmacotherapy on both the affective and cognitive neural systems involved in emotion processing during the performance of a cognitive task in patients with PBD, relative to HC. Furthermore, our study differed from that of Chang et al. (Chang et al. 2008) in examining the treatment effects in manic and hypomanic patients. Also, treatment consisted of second-generation antipsychotics (SGAs) for acute mania followed by lamotrigine for maintaining stable mood (design shown in Fig. 1 ), as opposed to add-on treatment with lamotrigine for depression in PBD patients by Chang et al. (Chang et al. 2008) . We opted to not use SGAs for maintenance treatment because they pose high risk for metabolic side effects if prescribed for long-term treatment (Correll and Carlson 2006) , in addition to examining the effectiveness of lamotrigine on affective and cognitive neural systems. On the basis of our earlier fMRI studies with PBD patients (Pavuluri et al. 2007) , and preliminary studies in pediatric (Chang et al. 2008 ) and adult (Haldane et al. 2008 ) bipolar patients, we hypothesized that: (1) At baseline, untreated PBD subjects will show an abnormal functional pattern in higher cortex in both the affective regions, such as VLPFC and VMPFC, and cognitive regions, such as DLPFC, when compared to HC. In addition, there may be abnormal activity in the limbic system. (2) Pharmacotherapy (with SGAs during acute phase followed by lamotrigine monotherapy) would control clinical symptoms of mania and hypomania and concurrently normalize the affective and cognitive circuitry function. To test these hypotheses, we administered an updated version of the color-matching task that we previously piloted in euthymic PBD patients to probe the impact of emotion processing on cognitive functioning (see the task description). The data presented in this paper for our PBD and HC sample at baseline and follow-up of lamotrigine treatment are novel and have never been published before.
Methods
This is a prospective outpatient treatment trial for manic, mixed, and hypomanic episodes in BD types I and II, with fMRI blood oxygen level-dependent (BOLD) signal activation on a Pediatric Affective Color Matching Task as the primary outcome. The total duration of the trial was 14 weeks, with an initial 4 weeks of treatment with SGAs, followed by discontinuation in weeks 4-6, just as they were titrated up to the full dose of lamotrigine. During the first 8 weeks of the trial, lamotrigine is titrated up gradually, followed by the last 6 weeks of lamotrigine monotherapy at 200 mg/day. PBD patients (n ¼ 17; mean age ¼ 14.3 AE 1.1 years) and intelligence quotient (IQ) and demographically matched HC (n ¼ 14; mean age ¼ 14.1 AE 2.4 years) had fMRI studies performed at baseline and again at 14 weeks. HC subjects did not receive FIG. 1. Trial design of pharmacotherapy. The treatment timeline over the 14 weeks of the study is shown. SGA ¼ Second-generation antipsychotic; Lam ¼ lamotrigine.
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treatment, but they were retested to control for potential changes at retest due to familiarity with the behavioral paradigm or MRI scanning procedure in the patient group. This study was approved by the University of Illinois at Chicago (UIC) Institutional Review Board. Parents gave written consent and children gave assent or consent to participate in this trial. Inclusion criteria for patients were: a Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) (American Psychiatric Association 1994) diagnosis of BD type I, a mixed (n ¼ 5) or manic (n ¼ 5) episode or type II hypomanic episode (n ¼ 7), 10-18 years old, and a baseline score of >12 on the Young Mania Rating Scale (YMRS) (Young et al. 1978) . Patients were already medication free, not requiring a wash out at study entry, or sufficiently unstable on medications to justify discontinuation of an ineffective treatment regime prior to beginning treatment with lamotrigine with the consent of parents and the assent or consent of patients. The wash-out period consisted of tapering previous medications over 1 week, allowing a medication-free period of at least 4-7 days prior to scanning. None of the patients was on fluoxetine that would have required a longer wash-out period. Inclusion criteria for HC were: Not meeting DSM-IV criteria for an axis I disorder, not having a family history of affective illness, 10-18 years old, and a baseline score of <12 on the YMRS. Exclusion criteria for PBD patients and HC included: Active substance abuse through urine toxicology screen; those with ADHD diagnosis before age 7 and prior to the onset of PBD; serious medical problems; a history of allergy to lamotrigine (in case of patients); IQ < 80; and contraindications to MRI studies, including metallic implants, retractors or braces, and claustrophobia. IQ was estimated using the Wechsler Abbreviated Scale of Intelligence (WASI) (Psychological Corporation 1999).
Assessment procedures
Board-certified child psychiatrists completed the Washington University Schedule for Affective Disorders and Schizophrenia (WASH-U-KSADS) (Geller et al. 1998) . Information from this interview and all other available clinical information were reviewed to make a consensus clinical diagnosis. Live diagnostic interviews of 10 cases were independently coded by two researchers to establish interrater diagnostic reliability, which was 0.94 by the Cohen kappa.
Efficacy and safety measures
The primary clinical treatment efficacy measure was the YMRS. Secondary measures included the Clinical Global Impression Scale for Bipolar Disorder (CGI-BP) (Spearing et al. 1997) , and the Child Depression Rating Scale-Revised (CDRS-R) (Poznanski et al. 1984) . For the purpose of this study, response for manic symptoms was defined as <12 on the YMRS, and response for depressive symptoms was defined as <40 on the CDRS-R.
SGAs during the first 4 weeks
Manic and hypomanic symptoms were addressed during the 8-week lamotrigine titration phase by using SGAs. This was an essential step in the study design because SGAs serve as rescue medications for acutely ill unmedicated patients until the subjects receive the full dose of lamotrigine. The order of preference for SGAs given for the first 4 weeks of acute illness was risperidone, aripiprazole, quetiapine, and ziprasidone. The order was modified according to reported previous ill effects of any SGA. For example, if a patient did not respond to risperidone and was agitated on aripiprazole, they received quetiapine. The SGA was slowly withdrawn over 2-4 weeks as tolerated (i.e., between the 4 th -to 8 th -week period). An overall guideline for withdrawal of SGAs was followed with reduction at 0.25 mg of risperidone, 2.5-5 mg of aripiprazole, 25-50 mg of seroquel, or 20-40 mg of ziprasidone every other day until they were off of the SGA. All patients were on a full fixed dose of 200 mg of lamotrigine monotherapy at the end of the 8-week dosing period. Benztropine was allowed on as-needed basis for extrapyramidal symptoms if on SGAs, but only during the first 4-week period.
Lamotrigine dosing over 14 weeks
The lamotrigine starting dose was 12.5 mg during the first week. It was increased at 12.5 mg/week for the first 4 weeks, 25 mg/week for the next 2 weeks, and titrated to 200 mg by 8 weeks. All patients were treated with a fixed dose of 200 mg for the last 6 weeks of treatment prior to being scanned at week 14.
Pediatric Affective Color Matching Task
The task assessed the ability to match the color of a word to one of two colored dots presented on the left and right side of the word on a display screen (unlike the words appearing below the dots in our older version) (Pavuluri et al. 2008) . Subjects were presented with separate blocks (30 seconds each) of positive, negative, and neutral word conditions (5 blocks of each condition) in a pseudo-random order, with each block consisting of 10 trials. Each block was separated by a 10-second fixation period (total of 15 fixation blocks) to provide rest periods during testing, and to allow for hemodynamic responses to return toward resting level before the next block of trials. In each 3-second trial, a word was presented for 200 msec, followed by a response period of 2,800 msec, during which subjects pressed a button (left or right) to match the color of the word to the correct color dot, as illustrated in Fig. 2 . We moved the color dots from appearing below the words, as was the case in our previous paradigm (Pavuluri et al. 2008) , to appear at the same level on either side of the word in the new design. This would avoid the confound of the frontal eye field activation generated by the eye movement while looking away from where the words are presented.
Subjects were told to ''respond as quickly as possible.'' Trials were balanced for correct responses (left or right dots) and colors used. The total duration of the task was exactly 10 minutes.
Affective words targeted affective domains relevant to PBD, such as feelings of depression, disappointment, and rejection. Positive words reflected feelings of happiness, energy, accomplishment, and success. Words were at an 8-year-old reading level and were equivalent across affect conditions in frequency of usage (Klein 1964; Kucera et al. 1967; Gilhooly and Logie 1980; Bradley 1999) . No word was repeated during the task and, therefore, required no randomization. This task had three noteworthy characteristics. First, it directed voluntary attention to a simple perceptual characteristic of the words (color) rather than to their semantic meaning. Second, words were presented only briefly (200 msec) to minimize effects of variable scanning of stimulus words. Third, it required a simple cognitive operation and response choice (color matching) that could be easily performed by all subjects. In our updated version, we also ensured that all subjects were reading the words on each trial by asking subjects whether they recalled the words they had previously read (instead of just color matching without attention to the word valence). We found no group differences in the degree of recall. Together, these features maximize the impact of automatic affective responses on cognition, rather than deep semantic processing of the affective valence and meaning of words.
A color high-resolution liquid crystal display (LCD) projector projected visual stimuli onto a rear-projection screen that was viewed via an angled double-mirror system mounted on a standard GE head coil. During the scan, a camera monitored subject's right eye to ensure attention to visual stimuli. The accuracy and response time (RT) of button-press responses were averaged within each condition for each participant. Prior to imaging studies, participants spent approximately 20 minutes in a mock scanner to acclimate them to the scanner environment.
MRI protocol
MRI studies were performed using a 3.0 Tesla whole-body scanner (Signa, General Electric Medical System, Milwaukee, WI). Functional images were acquired using echo-planar imaging which is sensitive to regional alterations in blood flow via BOLD contrast effects. Twenty-five axial slices were acquired. Parameters for functional scans were: Echo time (TE) ¼ 25 msec; flip angle ¼ 908; field of view ¼ 20Â20 cm 2 ; acquisition matrix ¼ 64Â64; repetition time (TR) ¼ 2.5 seconds; 5-mm slice thickness with 1-mm gap. Anatomical images were acquired in the axial plane (threedimensional spoiled gradient recalled [SPGR], 1.5-mm-thick contiguous axial slices) to coregister and normalize the functional data.
Image processing and data analysis
For functional imaging data, FIASCO software (Functional Imaging Analysis Software-Computational Olio; Eddy et al. 1996) was used to implement three-dimensional motion estimation and correction and to remove slow signal drift. Individual volumes from the time series were excluded from the analysis if head displacement from the median head position in the time series was greater than 1.5 mm, or if head rotation from the median head position was greater than 0.5 degrees. The number of volumes retained after discarding those with motion artifact did not significantly differ across groups.
To evaluate subject-wise activation effects for statistical analyses, voxel-wise effect size (r) maps were calculated for each subject by contrasting activation for the negative and positive conditions versus the neutral condition. A Fisher z transform was applied to the r values to more closely approximate a normal distribution (zr) (Rosenthal 1991) . Subjects' zr maps (effect size) and SPGR anatomical images were warped into Talairach space using the Analysis of Functional Neuroimages (AFNI) automated procedure (Talairach and Tournoux 1988) . Functional maps were resampled to an isotropic 3Â3Â3-mm grid to provide a voxel dimension similar to that of the in-plane resolution of the acquired data.
The primary analysis for the study was a repeated-measures whole-brain analysis of variance (ANOVA) with the betweensubjects factor of group (PBD, HC) and the within-subjects factors of word-matching conditions (negative vs. neutral, positive vs. neutral), and testing time (baseline, follow-up) that was carried out voxelwise on the zr maps. To correct for multiple comparisons, we applied a Bonferroni correction resulting in an adjusted probability for significance of p < 0.01. Then we used AFNI AlphaSim Monte Carlo simulations (Ward et al. 2000) to correct for voxel-wise multiple comparisons in the fMRI analyses. To do so, we identified significant voxel clusters by adopting a contiguity threshold (minimum volume threshold ¼ 270 mm 3 ; minimum clustering radius: 3.1 mm) that ensured an experiment-wise type 1 error rate of p < 0.025 (corrected p). On the basis of a significant three-way interaction in the whole-brain ANOVA, we carried out t-tests on clusters that were significant in the three-way interaction to further explore the directionality of within-group and between-group differences due to testing time and condition. Finally, we also performed Spearman correlation analyses to determine the relationship between symptom response as assessed by clinical measures (YMRS, CDRS-R) and fMRI activation in brain regions that resulted in significance in the ANOVA for the PBD group. Anatomical regions of interest (ROIs) for these regions were defined in standard Talairach space using AFNI tools. These regions in AFNI format, as well as anatomical ROI definitions, are available at: http://ccm .psych.uic.edu/Research/NormalBrain/ROI_rules.htm; http://ccm .psych.uic.edu/Research/ResearchProgram/NormalBrain/ROIaffect_ rules.aspx.
Results
Clinical and demographic data are summarized in Table 1 . ANOVAs revealed no significant group differences for age, 
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socioeconomic status (SES), and IQ. Fisher p tests revealed no significant group differences on handedness, gender, and racial composition (Table 1 ). There were 3 subjects (17.6%) with comorbid diagnosis of generalized anxiety disorder in the PBD group.
Within the PBD group, the mean doses of SGAs received at the end point of the first 4 weeks of acute symptom stabilization were: Risperidone 1.3 AE 0.30 mg (n ¼ 5); aripiprazole 12.5 AE 3.0. mg (n ¼ 5); quetiapine 385 AE 75 mg (n ¼ 3). Benztropine was required in 4 cases with a mean dose of 1.2 AE 0.6 mg per day at the end of the first 4 weeks of SGA therapy, and was weaned off subsequently, along with the SGAs. None of the subjects was on SGA or any other psychotropic medications during the 6-week trial of fixed dose of lamotrigine at 200 mg. A repeated-measures ANOVA on YMRS scores at baseline and follow up revealed a significant interaction of group by testing time [F(1,29) ¼ 14.68, p < 0.001], with significantly higher scores in patients than HC at baseline, but not at follow up (see Table 1 ). For the CDRS-R, the significant interaction of group by testing time [F(1,29) ¼ 82.96, p < 0.001] revealed that CDRS-R scores were significantly higher in the patient group than HC at baseline and also at follow up (Table 1) .
Behavioral data
Separate repeated-measures ANOVAs were carried out on RT and accuracy with the between-subjects factor of group (PBD, HC) and the within-subjects factors of testing time (baseline, follow up) and word valence (negative, positive, neutral) ( word valences at baseline, but not at follow up ( p < 0.26 and p < 0.12, respectively). No other significant results were found. With regard to performance accuracy, the only significant finding was a group effect [F(1,27) ¼ 8.90, p < 0.01], where accuracy in the PBD group (87%) was lower than that in HC (96%). Group differences did not vary significantly depending on word valence and/ or testing time.
fMRI data
The interaction of group by time by condition was significant [F(1,29) ¼ 5.57, p < 0.025] after correcting for multiple comparisons using a corrected p < 0.025 (see Methods). To further decompose the significant three-way interaction, our primary analyses involved t-tests only on significant clusters resulting from the three-way interaction as follows:
1. Baseline versus follow-up within PBD group comparisons (Table 3) . Negative Word Condition. Within the PBD group, greater activation was seen at baseline, relative to follow up, in the bilateral middle and superior frontal gyrus, bilateral posterior cingulate gyrus and superior temporal gyrus, right thalamus and inferior frontal gyrus, and left medial frontal gyrus, paralimbic/parahippocampal gyrus (Table 3 ). The PBD group did not have greater activation at follow up compared to baseline in any brain region. Within the HC group, greater activation was seen in bilateral medial frontal gyrus at baseline relative to follow up, whereas the middle frontal gyrus showed greater activation on follow up, relative to baseline. Positive Word Condition. Within the PBD group, greater activation was seen at baseline, relative to follow up, in right medial frontal gyrus and thalamus, left inferior frontal gyrus and left premotor cortex (Table 3) . Within the HC group, greater activation was seen in left medial frontal gyrus at baseline, relative to that on follow up. Also within the HC group, at follow up relative to baseline, increased activation was seen in right middle frontal gyrus, left dorsal cingulate cortex, and bilateral inferior parietal lobule. (Table 4) . PBD versus HC: Negative Word Condition. With treatment, PBD patients showed greater activation in left medial frontal gyrus and reduced activation in bilateral middle frontal gyrus, right posterior cingulate gyrus, parahippocampal gyrus, and inferior parietal lobule relative to change over time in the HC, for the negative word condition relative to neutral word condition. These results are summarized in Table 4 and Fig. 3A . PBD versus HC: Positive Word Condition. After the 14week treatment period, activation in the positive word condition relative to neutral word condition in the PBD group, compared to HC, showed a greater activation in right medial frontal gyrus and less activation in right middle frontal gyrus, precuneus and inferior parietal lobule. These results are summarized in Table 4 .
Follow-up versus baseline between-group comparisons
As a secondary analysis we compared the two groups at baseline, to examine differences between patients and controls before treatment that may inform our interpretation of the interaction effect. (Table 5) .
PBD versus HC at baseline
Negative Word Condition (Negative vs. Neutral Blocks). At baseline, the PBD group exhibited greater activation than the HC group in bilateral medial frontal gyrus (VMPFC) and precuneus, and in the right middle frontal gyrus (DLPFC), inferior frontal gyrus (VLPFC), dorsal anterior cingulate cortex, posterior cingulate gyrus, supramarginal gyrus, and inferior parietal lobule. The HC group did not exhibit greater activation than the PBD group in any region. 
Correlations between symptom response and brain activation
Pearson correlation analyses (two-tailed) were carried out for the PBD group to examine the relationship between the improvement on the YMRS and the CDRS-R scores, and activation changes in right and left middle frontal gyrus and medial frontal gyrus for the negative versus neutral and the positive versus neutral conditions, over time. For both scales, an improvement index was obtained as the ratio between the difference of baseline and follow-up scores. Given that our correlation analyses were hypotheses driven, based on the AFNI ANOVA results, and were limited to a small number of comparisons, we report correlation results that were uncorrected for multiple comparisons. For the negative relative to neutral condition, there was a significant correlation between improvement in the YMRS scores and decreases in left medial frontal gyrus (left ventromedial prefrontal cortex) activation with time (r ¼ À0.55, p < 0.02), showing that the greater the improvement in YMRS scores the greater the decrease in activation in this region (Fig.  4A,B) . No other significant results were found for the YMRS or CDRS scores. For the positive condition relative to neutral condition, there was a significant correlation in the patient group between the improvement in the YMRS scores and decreases in activation in right medial frontal gyrus (r ¼ À0.47, p < 0.05). A significant correlation was also found between the improvement on the CDRS-R scores and decreases in activation in the right medial frontal gyrus (r ¼ À 0.46, p < 0.05).
Discussion
This is the first pharmacological fMRI study to examine treatment effects on the neural systems supporting the interaction of cognitive and affective processing in PBD. Our central findings are two fold. First, there are baseline differences in mechanism of brain function between PBD and HC during cognitive performance under negative or positive emotional challenge. There is increased activation in both cognitive (e.g., right DLPFC, dorsal ACC, posterior cingulate gyrus), and emotional (e.g., right VLPFC and bilateral VMPFC) cortical regions in PBD relative to HC, suggesting greater effort expended by the affective and cognitive regions of the brain to accomplish the same task as HC. Second, on retesting after 14 weeks of treatment for PBD patients, PBD group showed normalization in emotional control region, i.e., VLPFC (inferior frontal gyrus) with no group differences between PBD and HC. However, PBD group showed reduced activity in DLPFC (middle frontal gyrus) while performing the cognitive task, while showing persistently increased activity in VMPFC (medial frontal gyrus), a region known to be recruited in emotional evaluation (Northoff et al. 2004; Deppe et al. 2005; Bermpohl et al. 2006; Kross et al. 2009 ), posttreatment, relative to baseline, when compared to HC group.
However, it is important to underscore that, given the nature of the fMRI studies (which, at any one time, could only demonstrate relative change between two groups, or two time points or type of conditions within a group), change within PBD group from baseline to posttreatment needs to be carefully scrutinized in addition to the comparison with HC. Indeed, pharmacotherapy resulted in improvement in manic symptoms on the YMRS that significantly correlated with a decrease in VMPFC activity, the region deployed in automatic emotional appraisal. This steep decrease in BOLD signal activity in VMPFC within PBD group is still not sufficient to reach the same level of activity as in HC, and therefore shows comparatively greater activity than in HC on follow up.
Our findings, therefore, illustrate that treatment led to decreases in manic and depressive symptoms in patients, accompanied by decreased BOLD signal activity in all the prefrontal regions, and the pattern of brain function in PBD remained distinct from that of HC. Behavioral data did not show improvement in patients or HC on follow up to account for the effects of treatment or familiarity with the retesting in either group.
Abnormal pattern of prefrontal activity at the interface of affective and cognitive circuitry in acutely Ill PBD patients
As mentioned above, overall, our study illustrated that untreated PBD patients, relative to HC, appear to expend greater effort in the prefrontal and parietal regions at the interface of affective and cognitive regions while performing the cognitive task under emotional challenge.
Affective neural system
While there was increased BOLD signal activity in acutely ill PBD patients in manic, mixed, or hypomanic phase, relative to HC, in higher cortical regions of affective control (i.e., VLPFC) (Rich et al. 2005; Heatherton et al. 2006; Kross et al. 2009; Posner et al. 2009 ) and emotional evaluation (i.e, VMPFC) (Northoff et al. 2004) , there were no group differences in activation in the limbic or the paralimbic regions. In the studies on adult bipolar disorder (BD), VMPFC was shown to be dysfunctional in regulating subcortical limbic systems in response to emotional faces and words 
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PAVULURI ET AL. Phillips et al. 2008) , and during emotional Stroop tasks that demand the ability to attend to a cognitive task while ignoring emotional information (Rubinsztein et al. 2001; Malhi et al. 2005; Lagopoulos and Malhi 2007) . Furthermore, structural abnormalities in white matter tracts between the VMPFC and limbic regions have been reported in adult BD (Versace et al. 2008) . The increased BOLD signal activity in the left VMPFC and right VLPFC in PBD patients, relative to the activity at follow up, may be an effort to modulate the increased activity in left parahippocampal gyrus, implicated in emotional arousal (Rich et al. 2005; Posner et al. 2009 ) in untreated patients.
Cognitive neural system
The main finding in cognitive neural operations in the acutely ill PBD group, relative to HC, is increased right DLPFC, dorsal an-terior cingulate cortex, and posterior cingulate cortex activity during the negative word matching. It may be that the negative emotional stimuli may have greater impact on cognitive circuitry function in PBD because a similar pattern of increased cognitive effort was not noted during the positive word matching. Indeed, there was a greater decrease in DLPFC with negative words, relative to positive words during the color matching task in our treated euthymic sample (Pavuluri et al. 2008) .
Impact of pharmacotherapy on affective and cognitive regions in PBD patients
Affective neural system. The present finding of an increase in VLPFC activity in PBD relative to HC at baseline is similar to that of other studies in medicated PBD patients that included both the bipolar type 1 and 2 subjects similar to this study (Rich et al. 2005; Dickstein et al. 2008 ). This increased activity in VLPFC in response to both negative and positive conditions appears to normalize with no group differences at the study end point, and may be an indicator of positive outcome of treatment. Previously, using a very similar paradigm, we reported decreased VLPFC in unmedicated and euthymic patients (Pavuluri et al. 2008) . It is important to note that subjects in that study were limited to BD type 1 and treated with multiple medications. In contrast, the current study is similar to those by Dickstein et al. (2008) , Passarotti et al. (2010), and Rich et al. (2005) , which included BD type 2 in the sample where the topdown control is not taxed to the same extent as in the homogeneous sample of the BD type 1 (Pavuluri et al. 2008) . Additionally, unlike our previous cross-sectional study of euthymic patients, the current longitudinal study examined the unmedicated patients being treated with a selective agent, lamotrigine, to maintain euthymic state and potentially improve cognition ) after initial stabilization with SGA.
With lamotrigine treatment, VMPFC activity remains increased in patients relative to HC in both the negative and positive conditions. However, the right VMPFC showed increased activity in the case of the positive condition and the left VMPFC showed increased activity in the negative condition in PBD relative to HC. Although this may be a laterality effect biased by the type of emotional stimuli, the sample is small and this laterality effect needs to be replicated to draw stronger conclusions.
This reduction in parahippocampal activity in response to negative emotions is similar to the results demonstrated by Chang et al. (2008) where there was a reduced activation of subcortical amygdala in depressed adolescents with BD receiving lamotrigine (Chang et al. 2008) . Our findings are also consistent with those of the functional connectivity study using dynamic causal modeling in adult BD that demonstrated the top-down control with VMPFC modulating the parahippocampal activity in response to negative words (Almeida et al. 2009 ).
Cognitive neural system. In the current study, for the negative condition, decreased DLPFC activation was found with treatment in patients, relative to HC, with no decrease in performance accuracy in either group. Given that greater effort was required at baseline with higher DLPFC activity than HC, decrease in activity with treatment to accomplish the same task may reflect an improvement in cognitive efficiency. Therefore, findings from this longitudinal study design replicated our previous findings of decreased DLPFC activity in euthymic patients relative to HC from the cross-sectional study (Pavuluri et al. 2008 ) while performing the same color-matching task. Furthermore, in contrast to patients, HC may be demonstrating increased DLPFC activity on retest due to automaticity as they learn to better filter emotional information.
Although this longitudinal study design helps us to interpret the meaning of our findings in a different light than our previous crosssectional study, these mechanistic explanations remain speculative because sample sizes are small and further work is needed to evaluate their heuristic value. Varying the degree of cognitive task difficulty may help evaluate the patient-control differences and treatment-related changes. But for now, we are limited to say that the current paradigm demonstrated generalized prefrontal abnormalities that changed with treatment, specifically in the DLPFC during a task dependent on integrated cognitive and affective processing. Furthermore, our results in HC, which are in line with the studies in healthy adults, showed that the tasks involving attention or strategic thinking led to an increased activity in DLPFC involved in cognition and decreased activity in VMPFC involved in emotional evaluation (Northoff et al. 2004; Deppe et al. 2005; Bermpohl et al. 2006; Kross et al. 2009 ). This pattern of activation may originate from the dynamic interaction between affective and cognitive operations. Our PBD patients did not follow that pattern.
Clinical ratings and brain activation. Change in left and right VMPFC activation correlated significantly with improvement in manic symptoms over time in both the negative and positive emotion-processing conditions, relative to the neutral condition. This is supportive of our prediction that mood stabilization can be demonstrated by improved affective circuitry function. In the positive word-matching condition, decrease in depressive symptoms was significantly associated with a decrease in the VMPFC activity. It may be that lamotrigine, known to be particularly effective for depressive symptoms (Chang et al. 2008) , may enhance cognitive function while processing positive emotion. This is a ''proof of concept'' study to examine the synergistic activity of affective and cognitive processes and the impact of pharmacotherapy on these processes in PBD. Limitations include the fact that we used a block design study that did not allow us to distinguish between correct and incorrect responses and to study the effect of affective response specifically to positive or negative words while performing the cognitive tasks. The task was successful in bringing out the emotionally specific BOLD signal activation in all groups, although there were no corresponding behavioral differences in either group. This underscores the greater sensitivity of the fMRI method in contrast to behavioral observations. However, future experiments using event-related designs are needed to separately evaluate brain activity for affective response to positive as compared to negative words, and for correct as compared to incorrect responses, during affective and cognitive processing independently and together. Varying cognitive task difficulty will probe the case-control differences and may yield a greater understanding about brain function changes that define PBD in response to pharmacotherapy. Larger samples and fMRI paradigms that target both affective and cognitive difficulties in doubleblind cross-over design studies may be ultimately needed to move the field in the direction of mapping the brain circuitry in response to symptom-based treatments.
Conclusions
Findings in unmedicated PBD patients with mania and hypomania, relative to HC, demonstrated greater BOLD signal activity in affective (VMPFC and VLPFC) and cognitive (DLPFC) higher cortical regions of the brain while performing the same cognitive activity under emotional challenge. Relative to HC, on follow up, treated patients showed greater VMPFC activity and decreased DLPFC activity, illustrating a different and altered pattern of activity in patients. Within the patient group, pharmacotherapy resulted in lowered symptoms of mania and enhanced affective circuitry function accompanied by decreased BOLD signal activity in VMPFC, VLPFC, and paralimbic regions. Decreased DLPFC activity within PBD patients with treatment (which was also higher in PBD group when compared to HC at baseline) may represent partial recovery in cognitive circuitry operations.
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